Abstract Postseismic surface deformation associated with great subduction earthquakes is controlled by asthenosphere rheology, frictional properties of the fault, and structural complexity. Here by modeling GPS displacements in the 6 years following the 2010 M w 8.8 Maule earthquake in Chile, we investigate the impact of heterogeneous viscosity distribution in the South American subcontinental asthenosphere on the 3-D postseismic deformation pattern. The observed postseismic deformation is characterized by flexure of the South America plate with peak uplift in the Andean mountain range and subsidence in the hinterland. We find that, at the time scale of observation, over 2 orders of magnitude gradual increase in asthenosphere viscosity from the arc area toward the cratonic hinterland is needed to jointly explain horizontal and vertical displacements. Our findings present an efficient method to estimate spatial variations of viscosity, which clearly improves the fitting to the vertical signal of deformation. Lateral changes in asthenosphere viscosity can be correlated with the thermomechanical transition from weak subvolcanic arc mantle to strong subcratonic mantle, thus suggesting a stationary heterogeneous viscosity structure. However, we cannot rule out a transient viscosity structure (e.g., power law rheology) with the short time span of observation.
Introduction
The relaxation process following large earthquakes provides the opportunity to constrain rheological properties of the Earth. The rupture of a great megathrust earthquake (>M w 8) imposes significant quasiinstantaneous stress perturbation (approximately several MPa) in the system, the relaxation of which is manifested by hour to decadal scale transient postseismic surface deformation. Short-to long-term postseismic relaxation processes occur in the near-and far field including afterslip [e.g., Avouac, 2015; Marone et al., 1991] , poroelastic rebound [e.g., Hu et al., 2014; Peltzer et al., 1996] , and viscoelastic relaxation of the asthenosphere [e.g., Sun et al., 2014; Wang et al., 2012] . Contemporaneously, reloading due to relocking of the plate interface occurs [e.g., Bedford et al., 2016; Remy et al., 2016] . Deformation patterns of these processes overlap significantly around the fault rupture zone (near field) [Jonsson et al., 2003; Pollitz et al., 1998 ]. In the far field, viscoelastic relaxation dominates the postseismic deformation field and can be separated from afterslip and poroelastic rebound due to its longer wavelength and relaxation time [e.g., Freed et al., 2007; Freed et al., 2012] .
The South American continent provides the rare opportunity to probe the viscoelastic behavior of the subcontinental mantle because of its active margin with high convergence rate (>6 cm/yr) and its large spatial extent in the "hinterland" of the subduction zone (i.e., the area encompassing the volcanic arc, back arc, and continental platform). Continuous Global Positioning System (GPS) coverage all over the South American continent has been established by scientific programs in the last decade [e.g., Schurr et al., 2009] and virtually set ups a "large aperture lens" into the Earth. The M w 8.8 27 February 2010 Maule Chile earthquake was the first great earthquake captured by a large and extensive GPS network allowing to study postseismic processes at plate scale.
We here use 6 years of continuous GPS surface deformation observation in combination with finite element modeling to constrain viscoelastic properties of the South American subcontinental mantle. In contrast to other model approaches which implement a priori set rheological or structural complexity, we present a data-driven method for estimating first-order viscosity heterogeneity in a simple Maxwell viscoelastic body representing the subcontinental asthenosphere. By exploring the forward viscoelastic models with and without such lateral viscosity heterogeneity, we investigate its role on the 3-D, particularly the vertical, surface deformation signal. Finally, we discuss the implication of the inferred viscosity structure in terms of the mantle rheology.
Postseismic GPS Observations
The landward side of the Maule rupture zone is very well covered by GPS stations, monitoring 3-D surface motions from the coastline, at only some 100 km from the trench, up to about 1500 km from the trench (Figure 1 ). In this study, we focus on the postseismic response of the Maule event and hence only choose seaward-moving stations [e.g., Wang et al., 2012] . We retrieve the cumulative postseismic displacements up to 6 years after the earthquake by using daily continuous GPS (cGPS) time series processed at the Nevada Geodetic Laboratory (Nevada Bureau of Mines and Geology, University of Nevada, U.S., http://geodesy.unr.edu/index.php, last accessed on 02/02/2016). In order to increase the reliability of GPS displacement retrievement, we only use the stations with sufficient temporal coverage (i.e., more than 3-4 year continuous observations) and find 55 stations that meet our temporal coverage criteria well distributed in both the near and very far fields. Details of GPS time series analysis refer to Text S1 in the supporting information. Figure 1 shows the archetypical postseismic surface deformation of a great subduction earthquake as the Maule earthquake accumulated during the 6 years after the event. All stations show seaward horizontal motion with the stations near the rupture area diverging and the stations in the back arc converging toward the rupture zone, forming clockwise and anticlockwise rotations near the north and south edges of the rupture zone, respectively. Vertically, the stations show significant uplift in the mountain range and gentle subsidence in the back arc, forming a long wavelength lithospheric flexure pattern.
Since this study is focused on investigating the lateral viscosity structure and its impact on the far-field postseismic deformation, we do not include the near-field stations <300 km trench distance (i.e., the fore-arc area) in the analysis. The near field may be strongly affected by afterslip, poroelastic effects, and relocking of the plate interface, as demonstrated by previous postseismic studies of Maule earthquake [e.g., Bedford et al., 2016; Bedford et al., 2013; Klein et al., 2016; Lin et al., 2013] . Distribution of the stations as neglected versus selected for the analysis is shown in Figure S2 in the supporting information.
Viscoelastic Modeling Strategy

Finite Element Model Setups
We generate continental-scale 3-D finite element models for postseismic viscoelastic modeling and consider the crust and lithospheric mantle as an elastic body and the asthenosphere mantle as a Maxwell viscoelastic body. Hence, the structure of our 3-D model consists of four bodies ( Figure S3 ), namely, (1) continental plate (mean thickness 45 km), (2) viscoelastic continental mantle, (3) oceanic plate (mean thickness 30 km), and (4) viscoelastic oceanic mantle. All numerical simulations in this study are solved with the 3-D finite element Figure S1 .
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software PyLith [Aagaard et al., 2013] . The 3-D geometry of our model incorporates the geometry of the subduction slab and the continental Moho ( Figure S3a , [Contreras-Reyes and Osses, 2010; Hayes et al., 2012; Tassara and Echaurren, 2012] , following our previous studies of the south-central Chile area [e.g., Moreno et al., 2012] . The material properties used in the modeling and their corresponding references are described in Table S2 in the supporting information. In order to minimize boundary effects, we set our model boundaries far away from our study area, especially in the east-west model extension, in which most horizontal deformation occurs. The model area is about 4000 km in the E-W direction, 2000 km in the N-S direction, and 400 km in the vertical direction ( Figure S3a ). The model mesh is shown in Figure S3b .
The postseismic motions are simulated by initially imposing a coseismic slip distribution (from Moreno et al., [2012] ) on the fault interface and then relaxing the viscoelastic mantle for the 6 year observation period. We assume that the viscoelastic relaxation of the system is mainly due to the coseismic rupture and hence neglect the viscoelastic relaxation of other processes (i.e., aftershocks, afterslip, and fault locking). The east and west boundaries and the base of the problem domain are fixed in all directions, while the north and south boundaries and the top of the problem domain have no constraints (free to move in all directions). Therefore, the surface deformations predicted by postseismic models are directly comparable to the used 3-D GPS data, which is defined with respect to a stable South American reference frame. Moreover, we assume the same viscosity of the continental and oceanic mantle in the homogeneous model and neglect the geothermally controlled vertical viscosity variations in order to decrease the free modeling parameters and focus on the first-order lateral viscosity variation.
In order to validate the coseismic elastic behavior in our finite element model setups, we forward model the slip and compare its predictions with published GPS data [Moreno et al., 2012] . As shown in Figure S4 , the predicted coseismic surface displacements agree with the GPS observations exceedingly well using the elastic predictions from our model with the Moreno et al.
[2012] slip distribution.
Testing the Effects of Lateral Viscosity Changes on Postseismic Deformation
Inspired by the geodetically observed long-wavelength vertical deformation signal ("flexure"; Figure 1 ), we synthetically investigate the principal effects of laterally varying viscosity on the surface postseismic deformation pattern in the time window of 6 years following the earthquake. In its simplest form, this lateral variation can be represented by a model with a single mantle viscosity contrast in E-W direction (hereafter named the "heterogeneous model"). The model with lateral viscosity variation is compared to a model with a single viscosity ("homogeneous model"). For the heterogeneous model, a relatively low-viscosity domain is located beneath the fore arc and Andean mountain range (Figure 2 ). We analyze three models of this kind with a low viscosity reaching successively further into the continent: Model 1 including the fore arc (0-300 km from the trench), Model 2 including the fore arc and arc (0-400 km from the trench), and Model 3 including the fore arc, arc, and back arc (0-500 km from the trench), and examine the impact on the vertical and horizontal surface deformation signal.
The heterogeneous model results in a similar general horizontal deformation pattern to the homogeneous model, except that, for the heterogeneous model, the magnitude of the horizontal deformation increases on the trench side of the viscosity boundary and decreases on the other side (Figures 2a and 2c) . However, the vertical deformation patterns from the heterogeneous models are markedly different from the model with the homogeneous viscosity distribution (Figures 2b and 2d) . The vertical deformation decreases locally ( Figure 2b ) and results in a subsidence zone located almost directly above the viscosity boundary (Figure 2d ). The modeling results thus indicate that a change from a low-to high-viscosity domain causes a localized extensional and subsiding zone around the viscosity boundary.
Furthermore, we test the influence of a more viscous zone sandwiched in-between two less viscous zones on surface deformation. This structure produces significant uplift around the boundary of high viscosity to low viscosity and subsidence around another boundary of low viscosity to high viscosity ( Figure S5 ).
In conclusion, these model results indicate that the magnitudes of the observed horizontal deformation are potentially useful for the estimation of lateral viscosity changes. However, the sign of vertical deformation (i.e., uplifting or subsiding) is particularly diagnostic and thus potentially a direct indicator of the location of lateral viscosity heterogeneities. Based on the GPS observed deformation and the above synthetic modeling results, we propose a viscosity contrast in the back arc and explore a refinement model in section 3.4.
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Estimating Lateral Variation of Viscosity
In order to map the potential viscosity heterogeneities, we develop a data-driven approach that initially constrains an optimal viscosity value at each GPS station. The viscosity estimation consists of two steps: (1) we repeatedly simulate the postseismic homogeneous viscoelastic model, each time varying the viscosity (for a range of viscosities between 10 17 and 10 21 Pa s) in the asthenosphere; (2) an optimal homogeneous viscosity is then determined at each individual station by selecting the homogeneous model that produces the lowest weighted root-mean-square (WRMS) misfit in fitting the cumulative displacement at this station. In parameterizing the optimal homogeneous viscosities, we fit the horizontal displacement and not the vertical at this stage because a model with homogeneous viscosity will always predict subsidence from the coastline to~300 km trench distance ( Figure S6 ). Figure S7 shows the viscosity as retrieved separately at all the GPS stations.
Designing Lateral Heterogeneous Viscoelastic Forward Models
In order to configure the 3-D heterogeneous viscoelastic forward models, we divide the viscoelastic mantle in space by projecting all the GPS stations vertically down to the mantle ( Figure S8 ). All the finite elements closest to the projection are attributed the viscosity retrieved from the corresponding above GPS station. With different viscosity values estimated at different stations (method details in section 3.3; Figure S7 ), we construct a unified heterogeneous viscoelastic mantle in forward models.
Moreover, considering the synthetic modeling results (Figures 2 and S4 ) in section 3.2, we test whether the subsidence signal is due to a transition from low viscosity to high viscosity in the landward direction. Such a transition is consistent with the geophysical studies showing that the South American lithosphere In all, we obtain three end-member forward models: (1) Model A: the best homogeneous viscoelastic model that can explain all the GPS displacements (i.e., the model has minimum overall WRMS, which has a mantle viscosity of 6.5 × 10 18 Pa s); (2) Model B: the unified heterogeneous viscoelastic model constructed from the determined viscosities at all the stations (i.e., Figure S7 ); and (3) Model C: identical lateral viscosity distribution to Model B except for distances greater than 700 km from the trench where we specify the viscosity as 10 30 Pa s; i.e., we assume a purely elastic response of the subcratonic asthenosphere in the respective time scale of observations. In the following section, we present the results of these three end-member models in predicting the GPS observations.
Modeling Results
We explore the model predictions for the viscous relaxation of forward models (i.e., Models A-C) in response to the coseismic stress changes released in the first 6 years following the earthquake. Model A produces the horizontal surface deformation directed toward the coseismic rupture zone (Figure 3b ), which is similar to the deformation pattern observed by GPS (Figure 3a) . The modeled subsidence is localized in the zone above the downdip end of rupture between the Chilean coastline and the Chilean national boundary to Argentina (i.e., about 100 to 300 km trench distance), surrounded by a zone of broadly distributed modest uplift in the 
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east. The vertical displacement pattern predicted by Model A is almost opposite to that of the GPS observation from 200 km trench distance to the far back-arc area (Figure 3a ). In the area from 100 to 300 km, Model A predicts significant subsidence while the GPS data show strong uplift; in the area from 300 km to 800 km, Model A predicts gentle uplift while the GPS data measure modest subsidence (Figure 3e ).
Models B and C produce a similar deformation pattern in both horizontal and vertical directions. In comparison to Model A, Models B and C predict a larger horizontal deformation gradient in the area from 200 to 400 km trench distance (Figures 3c and 3d) . Notably, only Models B and C reproduce uplift of the Andean mountain range consistent with the GPS measurements and contrasting with that of Model A. Therefore, fitting the uplift signal in Andean mountain range requires the lateral viscosity heterogeneity involving relatively low mantle viscosity beneath the Andean mountains.
In comparison to Model B, Model C slightly improves the performance in horizontal deformation prediction in the area >500 km trench distance and significantly improves the back arc (from 400 to 700 km trench distance) subsidence prediction (Figures 3e and 3f) .
We calculate the residuals of the three models in fitting the GPS observations ( Figure S9 ). Model A has large residuals in the area from 200 to 600 km trench distance (approximately between À72°and À68°E) in both horizontal and vertical directions ( Figure S9a ), whereas both Models B and C perform much better in terms of the residuals ( Figures S9b and S9c) . Model C has the smaller residuals in vertical motion in comparison to Model B.
The optimal heterogeneous viscosity structure is therefore proposed in this study as the structure specified in Model C (Figure 4) . The structure exhibits significant lateral viscosity variation characterized by a general increase toward the hinterland: from~10 18 Pa s beneath the Andean mountain range (<400 km trench distance) to~10 20 Pa s beneath the back-arc region (<700 km trench distance) and a sharp increase to 10 30 Pa s beneath the South American cratonic mantle (>700 km trench distance) at the time scale of postseismic observation. The viscosity pattern also shows a moderate lateral variation in the strike direction. The pattern is somewhat symmetric around the latitude of the Maule earthquake occurrence.
Discussion
Sensitivity Tests
In order to check how robust the model results are, we test the impact of the chosen boundary conditions, the thickness of the elastic upper crust, and the sensitivity of the results with our constructed viscosity structure.
For the latter, we assumed in the construction of the forward heterogeneous models (i.e., Models B and C) 
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that each cumulative GPS displacement is most sensitive to the local viscosity value beneath the station, i.e., the retrieved viscosities are interpreted as the averaged effects of rheological heterogeneity and geometries at depth beneath each GPS station in the studied time window. We check this assumption and illuminate the applicability and limitations of our approach by testing how well our scheme can recover the specified viscosity distribution from the surface displacement predictions of the forward heterogeneous models. This test is similar to a checkerboard analysis. The results ( Figure S10) show that, although our approach cannot fully resolve the specified viscosity structure in all detail, it achieves the recovery in the first order with error less than 1 order of viscosity magnitude at each station.
For the other two sensitivity tests, we checked the impact of fixed boundaries in the north and south and a reasonable variation of the elastic thickness. The changes of the boundary conditions show that, in the area of interest, the differences are close to zero and thus negligible; only toward the outer bounds of the model area are differences visible, but not larger than 2 cm. The change of the elastic thickness between 40 and 60 km (in order to study the trade-off between the determined viscosity structure and the assumed upper plate structure) has a small impact on the model results ( Figure S6 ) but does not change the general finding that a lateral viscosity structure is probably of key importance to explain the vertical postseismic deformation signal.
Mantle Rheology
The optimal lateral viscosity structure determined in our study exhibits a low viscosity zone beneath the Andean mountain range and a high-viscosity, quasi-elastic (at the observation time scale) subcratonic mantle. Assuming that the proposed viscosity structure is stationary, we attribute the low and high viscosities to relatively high and low geothermal gradients, respectively. A high geotherm from the surface down into the mantle can be expected in the volcanic arc area [Hamza and Muñoz, 1996; Springer, 1999] . Here magma rises through the lithosphere from a source in the asthenospheric wedge where fluids liberated by metamorphic mineral reactions in subducted slab material trigger partial melting. Vice versa, the geotherm in the tectonically stable, thick cratonic lithosphere, and underlying mantle can be expected to reach a continental minimum.
Apart from the first-order thermomechanically controlled, stationary viscosity structure suggested here, alternative models of mantle rheology might apply. Especially, more complex or transient viscosity structures may be relevant. Transient viscosity structures include power law [Freed and Burgmann, 2004; Kirby and Kronenberg, 1987] and bi-viscous Burgers rheology [Klein et al., 2016; Peltier et al., 1981; Pollitz et al., 2008; Wang et al., 2012] . In transient viscosity models the viscoelastic structure is time-dependent; i.e., viscosities change as a function of time and/or stress. Whether such a complex rheology is required to model the Maule 2010 earthquake postseismic response accurately cannot be judged on the basis of only 6 year observations. As we show, our simple model explains the observations sufficiently well. However, the general trend of decreasing viscosity toward the rupture as shown here is consistent with such a transient viscosity model. Especially, the indicated along-strike symmetry of the viscosity structure might be easier to explain with a stress-dependent viscosity (power law rheology) than with a stationary mechanical structure. More complex viscous structures may include a subduction channel, a weak layer below the elastic part of the oceanic plate, and also a depth or temperature dependent viscosity structure [e.g., Hu et al., 2015; Klein et al., 2016; Muto et al., 2016; Sun and Wang, 2015; Sun et al., 2014; Wiseman et al., 2015] . For instance, the uplift pattern over the Cordillera following Maule earthquake may be equally explained by a subduction channel extending from 55 to 135 km depth [Klein et al., 2016] .
However, given the nonuniqueness of solutions to this problem, we here propose to use the simplest model and revisit the problem in the future when the relaxation process matured significantly to allow distinguishing between stationary and transient viscosity structures.
Conclusion
The postseismic surface deformation pattern following a large megathrust earthquake allows probing the viscoelastic rheology of the asthenospheric mantle. We here have considered 6 year GPS cumulative displacements after the 2010 M w 8.8 Maule earthquake to constrain the lateral viscosity structure in a Maxwell-type mantle underneath South America between 33°S and 40°S latitude. Surface deformation is characterized by seaward converging-diverging pattern of horizontal displacement along with long wavelength
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10.1002/2016GL071995 lithospheric "flexure", i.e., uplift of Andean mountain range and subsidence of the back arc. A homogenous viscosity structure is rejected based on the sign of the vertical deformation. A heterogeneous model with generally decreasing viscosity toward the rupture area reproduces best the 3-D GPS observations. The heterogeneous viscosity structure shows significant lateral variation: at distances up to 700 km from the trench, the mantle viscosity gradually increases landward of the back-arc region from~10 18 to~10 20 Pa s. In the very far field (>700 km trench distance), the mantle may behave almost purely elastically at the time scale of observation. We correlate the inferred stationary viscosity distribution to first-order thermomechanical provinces, i.e., the relatively hot and weak fore-arc-arc region and the relatively cold and strong subcratonic area. However, both a more complex stationary structure and more complex rheologies imposing a transient viscosity structure may explain the observed deformation equally well.
